ABSTRACT This paper presents results from an extensive measurement campaign of multi-user channels with large-scale antenna arrays (MULAs) in a subway station environment. Based on the measurements, two spatial separation metrics are characterized. The variance of user separability and temporal behavior are investigated. Furthermore, a MULA channel model with transmit correlation is proposed, which ensures that the MULA channels can be generated with a given degree of compatibility. The proposed MULA model is validated by comparing the distributions of the sum rate capacity and the condition number to measurements.
many closely located users. In order to capture these effects, a new channel model is needed. It can be used to evaluate the severity of the interference and system performance.
B. RELATED WORK
Over the past years, many measurement campaigns were performed in rail traffic environments to study propagation channels [15] , [16] . Cheung stressed the requirement of the wireless coverage within railway stations in [17] . Ai et al. [4] presented the path-loss exponent, the standard deviation of shadowing, and the fast-fading distribution type in the train station scenario; however, the values of these parameters were not extracted from or verified by any measurement. The characteristics of propagation channels between highspeed trains and fixed base stations (BSs) using orthogonal frequency-division multiplexing were investigated in [18] and [19] . Propagation fading characteristics of train station scenarios were studied based on narrow band measurements in [20] , then an empirical model for extra propagation loss of train stations on high-speed railway was proposed in [21] . An extensive campaign of wideband propagation measurements conducted in a realistic environment of tunnel and station was reported in [22] . An empirical random-cluster model for subway channels was proposed in [23] .
Researches show that only a few MU-MIMO channel models are available. Generally there are two types of channel models for MU-MIMO system [24] . The first kind is the cluster-based multi-user model such as 3GPP/3GPP2 spatial channel model [25] , WINNER II model [26] and 3D MIMO channel models [27] . In these models, multiple links are generated in a random and independent way with a certain correlation coefficient. This kind of model cannot reflect the correlation property between different links, which leads to inaccuracy especially in MU-MIMO channel modeling. The second one is the correlation controlled model. These models introduce a numerical or physical mechanism to control the inter-link correlation. A large amount of research has been performed in analytical modeling to control interlink correlation. Fugen introduced an interference component in the MU-MIMO system and proposed a multi-user double-directional channel model [28] . Furthermore, Czink proposed an analytical MU-MIMO model. It was capable of modeling interference in the spatial domain and describing the amount of eigenspace alignment on a continuous scale [29] . Another type of correlation controlled model is the geometry-based stochastic model (GBSM). Contrary to the analytical channel model that focuses on channel correlation, GBSMs are based on physical reality of multipath propagation. Xu proposed a modeling approach by considering key features in restricted physical environments such as the geometry and roughness of the scattering surface [30] . Cluster based model was also used by identifying common scatterer and extracting common clusters in MU-MIMO channels [31] . An unified GBSM framework for cooperative MIMO channels that had the ability to simulate multiple cooperative MIMO scenarios was designed in [32] . It is important to note that the physical controlled mechanism is brought to GBSM at the expense of additional complexity of the model structure and parameters compared to the multiple-dependence model. Above all, the analytical correlation controlled model can be used to describe the MU-MIMO channel as a tradeoff between accuracy and complexity. However, it is yet not known whether the correlation controlled model is suitable for the MULA system.
Up to date, several measurements are performed to study the wireless channel of MULA systems. An outdoor measurement campaign was reported in [33] , with a scalable virtual antenna cylindrical array consisting of up to 112 elements and two users. Martínez et al. [34] used 64 antennas and measured all the sub-channel links quasi-simultaneously. This work focused on the characteristics of massive MIMO channels but does not provide any indication of the achievable system performance. Performance analysis in measured channels with user mobility on a system with 128 base-station antennas and 8 single-antenna users was investigated in [35] and [36] . These measurement campaigns built a comprehensive foundation for realistic MULA channels in static environments. Recently, a real-time wideband MULA channel measurement system capable of taking channel traces in different frequency bands was developed in [37] . Reference measurements in outdoor and indoor environments with varying mobility were presented and the challenges mobility presents to MULA system design were highlighted. To the best of authors' knowledge, the influence of subway stations on MULA channels has rarely been studied in the past, and a MULA channel model is still missing.
C. CONTRIBUTION
The goal of this paper is to investigate MULA channel characteristics and develop an analytical channel model for future intelligent transportation system design in subway environments. The main contributions are: 1) An extensive measurement campaign is conducted in a subway station, and MULA channels are measured for the first time. 2) Spatial separation property of MULA channels is characterized with respect to channel matrix collinearity and spectral divergence in the presence of different antenna numbers at the BS. 3) A MULA channel model is proposed to include effects of transmit-side channel correlation and alignment between correlation matrices of different users. 4) Validation of the channel model is performed for the considered scenario by comparing simulated and measured sum rate capacity and condition number. The rest of this paper is organized as follows: Section II presents the measurement setup and scenario. Based on the measurements, relevant channel metrics for MULA system are defined and analyzed in Section III. MULA channel model and the implementation of the modeling approach are made in Section IV. Parameters of the model are estimated as well. Discussions on the idea and validation of the model is summarized in Section V. Conclusions are drawn in Section VI.
II. MEASUREMENT CAMPAIGN A. MEASUREMENT ENVIRONMENT
The channel measurements were conducted at a subway station of Line 16, Beijing, China. The platform of the station is 11.5 m wide, 180.7 m long, and 4.2 m high. There are several pairs of concrete pillars partly covered by metal in the platform. An elevator is located at the center of the platform. A ceiling with plastic patterned surface hangs over the most part of the station, and the side walls of the platform are glass automatic doors. To ensure as a stationary environment as possible, measurements were performed at night, with the station closed for traffic and there was no human movement. Fig. 1 depicts the main dimensions and shapes of the propagation environment. The user equipments (UEs) were static and there are LOS propagation conditions in most snapshots.
FIGURE 1.
Overview of the measured subway station at Beijing Subway Line 16, China (top). At the BS side, an omni-directional antenna is positioned along a rail by stepper motors to form a virtual antenna array (bottom left). At the UE side, Rx antenna is mounted on a tripod (bottom right). The mental rail and other electronic instruments are covered by absorbing materials in case of extra multi-path components from the measurement equipment. The whole system is controlled with a laptop running LabVIEW.
B. MEASUREMENT SCENARIOS
In this paper, two measurement scenarios were performed to capture the MULA channel characteristic between different users.
1) CASE A: VIRTUAL MULTI-USER MEASUREMENT
The virtual multi-user measurement case aims to characterize the spatial separation in MULA wireless propagation channels. User channels were obtained by selecting data from measurements at different positions and time instants. The Rx moved from the east to west of the subway station with a fixed separation of 10 wavelengths. There are 23 positions in total. Measurement data from case A were used to calculate different spatial separation metrics and modeled them as a function of separation distance. It is noted that in position 3 (Rx 3) and position 20 (Rx 20), the LOS propagation condition is blocked by pillars in the platform.
2) CASE B: HYPER-DENSE MULTI-USER MEASUREMENT
In METIS (Mobile and wireless communications Enablers for the Twenty-twenty Information Society), one potential scenario for 5G is ''Great service in a crowd''. It focuses on providing reasonable mobile broadband experiences even in crowded areas such as stadiums, concerts, and shopping malls [38] . And also, one scenario of immediate interest for the deployment of massive MIMO small cells involves serving geographical hot-spot areas [39] . Subway station can be regarded as an indoor hot-spot scenario, under the scope of enhanced Mobile Broadband (eMBB), which demands higher data rates and capacities [40] , [41] . Therefore, it is important to investigate the channel property of the scenario to a group of UEs being located in the same environment and simultaneously communicating with the BS.
In case B, one single antennas were fixed with a certain distance (8×1/2 wavelength), and moved from one spot to another to simulate 64 hyper-dense distributed users as seen in Fig. 2 . Measurement data of this case were designed to test the spatial separation, user density effect of closely-spaced users and be further applied to parameterize the MULA channel model.
The distance between the BS antenna array and the center of UE region was 18.5 m in both cases. Fig. 2 gives the positions of multiple users in each case.
C. SYSTEM SETUP
At the BS side, measurements were performed using the virtual array principle. Channel samples of different ''array elements'' were obtained by mechanically moving a biconical omni-directional antenna on a 3.2 meter rail to different positions. The BS antenna array was a virtual 256-element uniform planar array (UPA) with a size of 315 cm×15 cm. The virtual antenna array was divided into four sub-array, each of them was one-dimensional 64 uniform linear array (ULA). The separation between adjacent virtual antenna elements was half-wavelength (5 cm at 6 GHz). The center position of the transmit array was precisely determined giving a nominal accuracy in the sub-cm domain. At the UE side, the same omni-directional antenna was mounted on the top of a tripod at a height of 1.5 m above the floor. The UE antenna was oriented parallel with respect to the UPA at BS side and VOLUME 5, 2017 the orientation of the UE antenna reflector adjusted between the user positions during measurements. Absorbing materials were used to cover most mental parts of the measurement system.
A software-defined radio (SDR) channel sounding system was established in this measurement campaign, where National Instruments (NI) PXIe-5673E was acting as transmitter (Tx) and NI PXIe-5663E was used as the receiver (Rx). In our system, we used the PXI based SDR system as illustrated in Fig. 3 . It mainly consisted of host controller, PXI/PXIe chassis, vector signal generator (VSG), vector signal analyzer (VSA) and FPGA models. Different hardware modules were plugged into the same chassis, so it was easy to synchronize the VSG and VSA by sharing the same reference clock and local oscillator, which was very important for MIMO system. We measured channel transfer function (CTF) of the ''radio propagation channel'' between the antenna connectors at Tx and Rx; the radio channel was thus defined to include both the BS and UE antennas and the actual propagation channel. 1 The CTF was measured for all the BS-UE antenna pair combinations. Snapshots were taken at fixed positions in order to track temporal variations of the radio channel. The Tx at BS side sent a periodic multi-tone signals. In one snapshot, all 256 channel frequency responses were sequentially measured. Measurement system was operating in ''block'' mode. In each block 4 consecutive repeat snapshots were performed. The block period was 260 ms. Tx antenna mounted on the tunable machine (shown on the bottom left side of Fig. 1 moved with a speed of about 0.4 m/s, space between two adjacent antenna positions was precisely half wavelengths from block to block. At each location, Rx obtained one measurement snapshot to produce 512 complex channel coefficients (one for each subcarrier) per antenna by off-line signal processing. A summary of the measurement parameters is provided in Table 1 .
The two measurement units were synchronized to the same clock at the BS side via cables and the relative delay of the measurement system was highly stable. The measurement system was calibrated to remove attenuation caused by cables and phase rotation every time the measurement units were restarted. With the measured CTFs, we can obtain channel impulse response (CIR) via inverse Fast Fourier Transform (iFFT) algorithm. The power delay profile (PDP) of the channel is found by taking the spatial average of the CIRs. Fig. 4 demonstrates an example PDP observed by the receive antenna at position 12 in case A, while the BS antenna was stepped through the various positions conforming the virtual UPA. It can be observed that the paths with the strongest power in individual PDPs have a delay of 60 ns, which coincided with the delays of the LOS paths calculated from the BS and UEs locations in the environment. This observation also validates our measurement results for further channel characterization.
III. MULTI-USER CHANNEL CHARACTERIZATION
In this section, we examine the spatial separation characteristics of the measured channels. Experimental results based on following defined multi-user separation metrics are analyzed and quantified.
A. DATA PROCESS
In the evaluation of MIMO system performance, channel powers are normalized for fair comparisons when users are located at different places or using different antenna arrays to compensate for gain imbalances across different MULA links.
Let h l,m denotes the normalized channel vector, which is obtained as
whereh l,m is the raw channel impulse response vector, M is the number of transmitting antennas, and L is the total number of subcarriers. This normalization eliminates power imbalances between users but maintains the variations over antenna elements and frequencies. 2 Thus, we can obtain normalized channel matrix H l,m for the whole MULA system. Consider the downlink of a MULA system where the BS has M antennas, and serves K single-antenna users. Let h c (t, l) and h i (t, l) be the desired and interfering normalized channel vector at subcarrier l and snapshot t, respectively. The transmit correlation matrix of signal of interest can be 2 With this normalization, two NLOS UE positions will not change the statistical property of MULA channels. Correlation-based structure of MULA model will be stable although the multipath structure may have changed due to the block effect. expressed as
and the transmit correlation matrix of the aggregate interference is
where the superscript (·) T stands for matrix/vector transpose, (·) * is complex conjugate, and E{·} denotes the expectation operator. The transmit correlation matrix is performed on the normalized channel vector h, and will be used in the calculation of multi-user separation metrics as following.
B. METRICS
To characterize the multi-user separation in MULA channels, two multi-user metrics are introduced. Each metric covers a distinct signal processing aspect, which corresponds to the spatial and the delay domains, respectively. We use measurement data from case A to study the spatial characteristics of MULA channels, the UEs are located along the line perpendicular to the plane containing the array.
1) CHANNEL MATRIX COLLINEARITY (CMC)
The CMC measures the amount of change in the spatial structure of two matrices of the same size. It compares the subspaces of two complex valued matrices and assesses their similarity. Given a MULA system with single antenna users, we restrict the CMC calculation to the BS side. The CMC ε between T c and T I can be expressed as [13] 
where tr(·) and · F are the trace and the Frobenius norm of a matrix, respectively. The CMC measures the degree of orthogonality between two complex matrices. It ranges between zero (no collinearity, when the matrices differ to a maximum extent) and one (full collinearity, when the matrices are equal up to a scaling factor) [13] . CMC is a meaningful measure to check whether the spatial structure of channel correlation matrices is separable in a MU-MIMO system. If so, users for which the CMC assumes values close to zero can be scheduled jointly, leading to reduced multi-user interference and improved system performance. Changes in the spatial structure of the channel corresponding to low values in the CMC show up as a significant reduction in performance of MU-MIMO transmission scheme [42] .
Averaged CMC values of the pairwise (T c , T I ) using different number of antennas is provided in Fig. 5 . 3 For each frequency bin, CMC is calculated and all values over all 512 frequency bins are averaged to plot the curves. The antenna selection of UPA is introduced: • M = 256: All antenna elements are used.
• M = 128: We randomly choose two ULAs from the four sub-array of the UPA, thus, the 6 possible selections are included and their results are averaged.
• M = 64: One sub-array ULA is used.
• M = 8: The adjacent antenna sliding window with 8 antennas is selected to slide from the first antenna to the final one at each ULA sub-array. The CMC calculation for each sliding window is calculated, then the calculated CMCs are averaged over different sliding windows.
• M = 4, 2: Same method is used as M = 8. Fig. 5 shows the variations of CMC as a function of the separation distance between users. When examining Fig. 5 , it is observed that the subspaces of different users' channels are well separated when a large antenna array (M ≥ 64) is used. If 64 or more antenna elements are used, the median value of the CMC is always lower than 0.5. This is because, as the number of antennas increases, we expect a smaller overlap in the subspaces defined by the correlation matrices of two different users. The resulting CMC indicates the difference between the subspace structures of the correlation matrices of two users as a function of the number of BS antennas. As expected, CMC values decrease when the separation distance between users increases. When a large antenna array is used, CMC curve is fitted with an exponential function given as
where d is adjacent users' separation distance, d c is the stationary distance 4 which is defined as the maximum distance over which the CMC remains above a certain threshold e −1 . Significant variations in the spatial structure of MIMO channels become fairly constant for distance differences larger than the stationary distance (66 wavelength).
It is observed that there is no obvious difference between the CMC curves when M = 128 and M = 256. One may conclude that MULA channels tend to be more separable when more antennas are used at the BS side, nevertheless, the performance will not always getting much better when M ≥ 64 according to Fig. 5 . Also, this floor appears probably because there are not sufficient channel measurements for high separation distances when M = 128 and M = 256. Another interesting finding is that CMC does not keep dropping with increasing user separation distance when M ≤ 8. A heuristic explanation of CMC fluctuation is symmetrical layout of subway station, during the user moves from the right side to the left side, the propagation environment becomes quite different since the LOS component is much strong in the center of the station, and then it gets similar when the user is closed to the other side of glass door. However, a large antenna array can be used to remove the impact of scenario and distinguish different users even when they are in a similar propagation environment.
2) WIDEBAND SPECTRAL DIVERGENCE (WSD)
To account for the delay domain and compare power spectral densities, another correlation metric is introduced [46] . The WSD measures the distance between strictly positive, non-normalized spectral densities such as PDP, and it enables clear characterization of the correlation in wideband channels [47] , [48] . The WSD ζ between two links (u and v) can be written as [49] ,
where P u (τ ) is the PDP of link u. In a MULA system, a different PDP is obtained for each user. Subsequently, they are compared through the WSD metric to assess the channel correlation property. Intuitively, WSD characterizes the flatness of P u /P v . Mathematically, it is related to the logarithm of the ratio of the arithmetic mean over the harmonic mean of P u /P v [13] . If both spectra are equal (up to a multiplicative constant), then ζ = 0. A smaller WSD corresponds to a stronger correlation between the two PDPs.
The intra-and inter-link WSD plots are shown in Fig. 6 . The intra-link WSD is estimated WSD for one single link, i.e., the WSD values between different antennas of the same link. Accordingly, the inter-link WSD means the WSD values between the same antenna positions of different MULA links. We normalize (7) to the maximum value at each antenna position, so that the normalized WSD is bounded between 0 and 1, WSD values are extracted for all possible link pairs (user) in the measured scenarios. From Fig. 6 , the intra-link WSD values for Rx 1 remain smaller than the inter-link WSD values between Rx 1 and Rx 23. It corresponds to higher WSD-based separation distances for the associated links. It is found that non-stationarity in terms of WSD is more significant when the users are well separated. For instance, WSD values vary significantly between 100th antenna index The WSD values are then averaged over the whole antenna array to obtain WSD curves (see Fig. 7 ). Fig. 7 is plotted to show the effect of multi-user separation to MULA channels in terms of WSD, since the WSD measures the difference rather than the similarity. With the WSD values in Fig. 7 , one can define a WSD-based multi-user separation distance. WSD values are fitted as a function of distance with an exponential curve,
where the spatial stationary distance d s for WSD is also defined as the maximum distance over which WSD values remain below a certain threshold and we determine the threshold using the same principle to CMC. Similar to the CMC metric, WSD values tend to be constant and smaller when a large antenna array is used (M ≥ 64). Fitting based estimated values of stationary distance are reported in Table 2 .
The empirical evidence has shown that multiple users should physically be separated by an approximate distance of 60 wavelengths in order to reduce the multi-user interference when a large antenna array is used. For each evaluated metric, empirical multi-user separation models have been proposed. These findings of spatially separated channels influence the future space-time algorithms, e.g., when multi-users have spatially separable channels, they can be scheduled jointly to increase the overall network capacity.
IV. MODELING THE MULA CHANNEL
In the previous section, we have investigated the user separation property of MULA between different links based on measurements. This section is devoted to describe a proposed model for the MULA channel. We start with the general modeling method and qualitative parameter estimation, and then proceed with a more comprehensive description of the modeling realization.
A. MODELING METHOD
Let s c (t, l) and s i (t, l) be the desired and interfering transmit signal vector at subcarrier l and snapshot t, respectively, and we have received signal (8) where H c denotes a 1 × M normalized channel matrix carrying the intended signal, H i means the ith normalized interfering channels, the noise vector n is a zero-mean, unit-variance, circular symmetric complex Gaussian random variable. We assume that the transmit symbols are uncorrelated and have unit variance, i.e., E[s i s H i ] = I, for i ∈ {1, . . . , K }. I is the identity matrix of appropriate size.
In a MULA system, each individual link can be fully characterized by a MIMO channel matrix. However, since these links co-exist in the same propagation environment, they are not necessarily independent. As a type of correlation controlled model (as we mentioned in Section I), correlation based stochastic models (CBSMs) are widely used to evaluate capacity and performance of massive MIMO system because they are of lower implementation complexity and mathematically controllable [50] - [53] . Among them, the Kronecker model is popular in capacity and performance analysis of massive MIMO systems. It is good for simple implementation and consideration of modeling antenna correlations [54] - [56] . One deficiency of the Kronecker model is forcing both link ends to be separable because it neglects the joint correlation between the transmit and receive antenna arrays. In our case, since a single antenna is used at the UE side, this deficiency is not of concern. Recall that the wideband Kronecker Model can be expressed as [57] 
where R
1/2
Rx and R
Tx are the matrix square-roots of receive correlation matrix R Rx and transmit correlation matrix R Tx , respectively, and G is an independent and identically distributed (i.i.d.) complex-Gaussian random matrix, with zero mean and unit variance. MULA system performance can be determined by the eigenvalue structure of the transmit correlation matrices. Eigenvalue decompositions of T c and T I can be expressed as
where (·) H is conjugate (Hermitian) transposition, D and S are unitary matrices, and the eigenvalues are in a decreasing order.
Therefore, inspired by [29] , we use the transmit correlation matrices T c and T I instead of the channel matrices to model the MULA channels and define the interference mutual information metric for MULA system as
The value of P(T c , T I ) depends on the degree of alignment between the subspaces characterized by D and S. This metric gives largest and smallest values when S = D and S = D, respectively; D means the reversed order of columns of matrix D. The largest value of the metric P max is equivalent to the best mutual information metric as a result of the strongest eigenmode of the interference aligned with the weakest one of the signal of interests, i.e., when S = D. Conversely, the smallest value of the metric P min occurs when the eigenspaces of signal and interference are complete linearly dependent, i.e., when S = D. It is possible to further elaborate the mutual information metric to have a range [0, 1] by
B. PARAMETER ESTIMATION
Measurement data in case B is used to estimate the distribution of MULA model parameters. As all channels are static in this case, Q is calculated based on the transmit correlation matrices between one desired user channel and the rest of users on each frequency tone over the effective measurement bandwidth. The metric distribution is investigated corresponding to all possible static channel responses.
As a model parameter, we use the distribution of Q over all distinct link pairs, as illustrated in Fig. 8 . To parameterize Q, we take an approximate Maximum Likelihood estimator. The nonparametric Kolmogorov-Smirnov (KS) test [58] is used to test the suitability of Beta distributions, rejection rates at a significance level of 0.05. It is confirmed that Q can be well fitted by a Beta distribution,
where (·) is the Gamma function, similar conclusion is also made in [29] . From our data, parameters are estimated as a = 1.12 and b = 0.95. In addition, the distribution of eigenvalues has been investigated by KS test. It can be described by a lognormal distribution with a mean value 8.5 dB and a standard deviation 0.72 dB.
Given the distribution of Q and the eigenvalues, the correlation-based MULA model can therefore be implemented as explained in the following section.
C. MULA CHANNEL MODEL IMPLEMENTATION
In this section, we present an implementation recipe to generate MULA channel matrices. Recall that the transmit correlation matrices are T c = D c D H and T I = S I S H . We assume that the spatial signature T c of the desired signal, the eigenvalue profile I of the interference, and the noise power, are pre-specified. For simplicity, consider the case with a single interferer, K = 1. We model the interference channel matrix H I as a complex Gaussian random process with a transmit-side correlation matrix, 5 i.e.,
Channels are generated as follows. 5 Here, T I is the transmit correlation matrix R Tx in Kronecker model. As explained earlier, because each UE is provided with a single antenna, only the transmit correlation is considered in the model.
• Choose the parameter distributions of Q and I .
• Select a desired user channel H c , a specific value Q c and I following Beta distribution and lognormal distribution, respectively.
• Generate a suitable S that satisfied Q = Q c , and calculate correlation matrix T I . Generation process of a deterministic S is described in [29] .
• Draw multiple realizations of interference channel matrix H I , representing different realizations of the chosen subway environment.
V. VALIDATION AND DISCUSSION

A. MODEL VALIDATION
To compare simulated channel with measured channel, we use our measurement data from case A to validate the proposed correlative model, for MULA channels. Ideally, one should perform validation based on many independent measurements in similar environments, but due to the efforts involved in such a task, this is not practical. The comparison with the measurements is performed for the following two channel properties:
1) SUM RATE CAPACITY (SRC)
The SRC can be used to describe the MULA system performance in serving different closely located users using the same time-frequency resource [59] - [62] . The capacity with interference is expressed as [59] 
and the correlation matrix R I is defined as
where ρ is the signal-to-noise ratio (SNR) and η is the interference-to-noise ratio (INR). The overall SRC is thus the average value of the instantaneous MULA channel capacity over the frequency band.
2) CONDITION NUMBER
In MULA systems, the condition number of the channel matrix H is used as an indication of the degree of mutual orthogonality among users' channels. The capacity at a fixed mean SNR is strongly dependent on the eigenvalue distribution. Eigenvalues are extracted from the normalized channel matrix by singular value decomposition. The condition number κ is defined as the ratio between the largest and the smallest eigenvalue,
where σ 1 , · · · , σ k is the eigenvalue set of H. A large κ implies a strong channel collinearity of user 1 to user K . As κ approaches one, the linear dependence between different users is reduced, and the correlation decreases accordingly. In the limit case κ = 1, channel vectors are pairwise orthogonal and there is no inter-user interference. 
B. COMPARISON WITH MEASUREMENTS
We evaluate the SRC for the considered subway scenario for different MS separation distances with 10 dB SNR and 10 dB INR. In Fig. 9 , the dashed lines are cumulative distribution functions (CDFs) for the SRC from all simulation runs, and the solid lines are CDFs for the delay spreads extracted from the measured raw data. For the simulated MULA channel, the interfering channel matrices are numerically evaluated using 10 5 Monte-Carlo channel realizations. For each point in the plot, T I is drawn independently of each other based on the eigenvalue decompositions S I S H . The diagonal element I is drawn independently from lognormal distributions with a mean value 8 dB and a standard deviation 0.7 dB. S is drawn uniformly over the set of unitary matrices with certain Q derived from (14) . From Fig. 9 , it is noted that the measured and simulated lines have fair agreements in terms of sample mean and variance. Moreover, the capacity of MULA system drops drastically owing to strong multi-user correlation (or interference) when the users are geographically clustered. The distribution of κ in dB for both measured and simulated links is depicted in Fig. 10 . It is also confirmed the proposed MULA model fits well with the measurements. We can see that the MULA model shows good agreement with the measurements when M = 256 and the correctness of fitting passes KS test at a significant level 5 %. For M = 128, the simulated eigenvalues have a mean value of 6.45 dB and a standard deviation of 0.72, whereas the measured ones have a mean value of 6.64 dB and a standard deviation of 0.35. For M = 64, it can be noted that the condition numbers in simulations do not perfectly match with that of the measurements. An explanation for the mismatch can be resolved into some singular eigenvalues calculated from measurement data when less antennas are used. These singular eigenvalues lead to stochastic variation of channel condition number.
C. DISCUSSION 1) LARGE ANTENNA ARRAY From Fig. 9 and Fig. 10 , it is concluded that a large antenna array can bring two beneficial effects. Firstly, the system performance increases in terms of the SRC and condition number when we add more BS antennas are used. As a matter of fact, the median of SRC is notably improved from 6.8 to 20.3 bit/s/Hz while the median of κ drops by 6 dB when increasing the number of antennas from 64 to 256 in both cases. Secondly, the channels become more deterministic which is also known as ''channel hardening'' phenomena and leads to important simplifications in terms of resource allocation and signal processing [6] .
2) USER DENSITY
The effect of user density is significant for MU-MIMO channel modeling. In [63] , it is demonstrated that in outdoor-toindoor channels, the spatial subspaces of users have different structures even for the closely located users (in the same room). For outdoor scenarios, it is shown in [64] that, for closely located users with LOS propagation conditions, the system's capacity degrades to the point that there becomes no difference in the performance of single-user MIMO and MU-MIMO. Here we use the number of user under investigation as an indication of the user density. Again, CMC metric is considered to investigate user density since it is more sensitive to differences in the correlation structure. Based on measurement data from case B, averaged CMC values over different frequency points with variance of user number and antenna number are plotted in Fig. 11 . As seen from the graph, CMC values degrade as the interfering user number decreases. The same trend is noticed in different antenna number settings, however, the values of CMC are smaller than those when M gets larger. It is found that lower condition numbers occurs when more interfering users are adopted for calculation. One reason for these variations can be attributed to highly correlated channels when users are located close to each other. For very closely spaced users, the subspaces of different users are almost identical. Also from Fig. 11 , the effect of user density on channel correlation becomes insignificant by increasing the BS antenna numbers. The gain of large antenna array offsets interference effect caused by closely distributed users in terms of channel correlation.
3) SPHERICAL WAVEFRONT
The spherical wavefront assumption is important to model. With spherical wavefronts, the phase difference between antenna elements does not only depend on the incident angle but also the propagation distance from a user or a scatterer to the array [65] . Since the proposed model is extracted using an antenna array with specific size and certain range of distances from users, the spherical wave assumption and the near field effect have been embedded in the MULA model. As the array aperture becomes large, the plane-wave approximation widely used in the conventional MIMO channels does not hold any more. Users or significant scatterers are often located within the near-field distance, and certain clusters are not observable over the whole array. Spherical wavefront is thus experienced over the array. If two users are in the same direction but at different distances from the BS, the spherical wavefront can make it possible to separate those users, also in LOS condition. The variations in statistics of the received signal from a specific user over the array also contribute to the ability of user separation. The variations include, e.g., received signal power, angular power spectra, as well as PDPs between different antenna elements. However, the investigation of this issue is beyond the scope of this paper.
VI. SUMMARY AND CONCLUSION
In this paper, a correlation controlled MULA channel model for subway station scenario is proposed. It is able to model interference users and control channel correlation in MULA systems. First, we have described the results from extensive channel measurement campaigns at 6 GHz in a subway station. Two multi-user test cases are designed and conducted from full-synchronous measurements of MULA channels.
Second, based on the measurements, the multi-user separation has been characterized for MULA links by using two metrics, CMC and WSD. Experimental results have been extracted to quantify the separation with different user separation distances. The CMC-based multi-user separation analysis has revealed approximate separation distance of 60 wavelength with respect to 256-element planner array at BS. It is worth mentioning that the CMC-based multi-user separation results are found consistent with the WSD-based results.
Finally, we outline the fundamentals of MULA channel modeling, including how correlation can be used to generate an ensemble of new channels with the same spatial structure as a given channel in MULA system. By applying the extracted parameters to the proposed MULA channel model, we perform validation by comparing SRC and condition number with measurements. It is shown that the parameters derived from the model agree well with the equivalent parameters directly computed from the measurement data in case A. In addition, the effect of large antenna array, user density, and spherical wavefront are discussed for the MULA channels.
The results provide insights of MULA channel characteristics and modeling, and can be helpful to performance evaluation of 5G communication systems in subway environments. 
